INTRODUCTION
============

Carbon black is a particulate form of pure elemental carbon with primary size, 10\~500 nm, which is produced by partial combustion or pyrolysis of gaseous or liquid hydrocarbons under controlled conditions [@B022]. Carbon black may exhibit more or less different physicochemical properties depending on specific surface area, particle size and structure which are mainly determined by manufacturing processes. Based on annual tonnage, it is in the top 50 industrial chemicals, which is produced and consumed for diverse industrial purposes including reinforcement of rubber and coloring for dyestuffs [@B002]. There is thus high risk of occupational exposure in the industry manufacturing tires and technical rubber articles, electrostatic discharge compounds, and toners and printing inks [@B011].

Although extensive studies have been performed focused on respiratory and carcinogenic risk of carbon black exposure, there are only limited reports which provided implication for cardiovascular toxicity of carbon black [@B022]; [@B002]. Recently, a correlation between exposure to general particulate matter (PM) and the risk for cardiovascular diseases is well documented in epidemiologic studies, suggesting the positive association between increased level of ambient particles and cardiovascular morbidity and mortality [@B017]; [@B003]; [@B006]; [@B019]. Indeed, carbon black causes exacerbates atherosclerotic plaque formation in LDL receptor knockout animals fed with high cholesterol diet [@B014], and exhibits cardioregulatory effects in animal experiments [@B004]; [@B015]. These experimental evidences suggest the cardiovascular toxicity of carbon black.

The most relevant mode of exposure to airborne carbon black is inhalation, because of its presence as a particulate form with low specific gravity which allows it fly in ambient. Generally, PM deposits in pulmonary system and hardly enters into circulatory system unless it is ultrafine or highly soluble in body fluid. In the case of carbon black, it has not been clear whether carbon black translocates into circulatory system, so exert its toxicity by direct interaction with target molecules. Recently, however, it was demonstrated that ultrafine particles are able to penetrate into the deep ling areas and pass through to reach the systemic circulation [@B012]; [@B013]. Indeed, intratracheally instilled carbon black ultrafine particles was also shown to translocate into circulation system [@B016], which can be facilitated by inflammation in lung [@B008]. These findings suggest that circulatory system is directly exposed to carbon black and vascular cells with blood serve as a primary target of absorbed carbon black.

In the present study we examined the effect of carbon black on viability of vascular cells such as smooth muscle and endothelial cells to evaluate the toxicity of carbon black to blood vessel. Additionally, N330 and N990, two distinct carbon black with different size were examined to explore the effect of size difference on cytotoxicity, considering the toxicity of PM is largely dependent on its size.

MATERIALS AND METHODS
=====================

***Reagents.*** Carbon blacks, Corax^®^ N330 and Thermax^®^ floform N990 were purchased from Evonic Carbon Black Korea (Incheon, Korea) and Cancarb Ltd. (Medicine Hat, Alberta, Canada), respectively. Hydrogen peroxide and NADH were obtained from Sigma-Aldrich (St. Louis, MO, USA), and 2\',7\'-Dichlorodihydrofluorescein diacetate (DCF-DA) was from Molecular Probes (Eugene, OR, USA). All other chemicals used here were of the highest purity available and purchased from standard suppliers.

***Cell culture.*** A-10, smooth muscle cells derived from embryonic rat thoracic aorta was purchased from American Type Culture Collection (Manassas, VA, USA), and human umbilical vein endothelial cell line, ECV304 was kindly provided by Dr. Keun-Wook Kang from Chosun University (Gwangju, Korea). All these cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum, 100 U/m*l* penicillin, and 100 μg/m*l* streptomycin. Cells were maintained at 37℃ and 5% CO~2~ in a humidified incubator, and were subcultured when they reached 80\~ 90% confluence rate.

***Dispersion of carbon black.*** For treatment, carbon black N330 or N990 were suspended in cell culture media, DMEM with 10% fetal bovine serum at the concentration required. For dispersion, sonication was applied to carbon black suspension at 100 W for 1 min prior to use.

***Assessment of cytotoxicity.*** Cytotoxicity induced by carbon black was assessed by lactate dehydrogenase (LDH) leakage assay according to previous report [@B010]. Briefly, cells were plated at a density of 1.2 × 10^5^ cells/well in 24-well culture plates. After 24 hrs, cells were incubated with carbon black in the presence or absence of antioxidants for additional 24 hrs. Aliquots of culture medium were, then, taken and subjected to centrifugation. The resulting supernatant was used for the measurement of LDH activity. A 20 μ*l* of either cell supernatant was added to 200 μ*l* aliquot of working reagent containing 0.2 mM NADH and 2.5 mM sodium pyruvate in a well of 96-well plates. Decrease in absorbance at 340 nm was measured for 5 min with VersaMax microplate reader (Molecular Devices; Sunnyvale, CA, USA). Relative LDH activity was calculated from the slope of decrease in absorbance. LDH leakage was expressed as a percentage (%) of total LDH activity measured from total lysis with 1% Triton X-100. Menadione, a well known cytotoxicant, was used as a positive control.

***Detection of reactive oxygen species (ROS).*** A-10 cells were treated with carbon black N990 in the presence or absence of antioxidants. Cells were washed once with phosphate buffered saline (PBS; 3.2 mM Na~2~HPO~4~, 0.5 mM KH~2~PO~4~, 1.3 mM KCl, 135 mM NaCl, pH 7.4), and incubated for additional 20 min with 2 μM DCF-DA dissolved in Krebs-Ringer solution (115.5 mM NaCl, 4.6 KCl, 1.2 mM KH~2~PO~4~, 1.2 mM MgSO~4~ 1.2, 2.5 mM CaCl~2~, 25.0 mM NaHCO~3~, 11.1 mM glucose, pH 7.4). Then, cells were immediately viewed by Eclipse TE2000-U inverted microscope (Nikon; Japan) at 480/535 nm of excitation/emission wavelength. Images of cells were analyzed with a Meta Imaging System (Molecular Devices; West Chester, PA, USA). For comparison of fluorescence intensity, all the images were obtained under the same optical condition and subtracted with background image.

***Statistical analysis.*** The means and standard errors (SE) of means were calculated for all experiment groups. The data were subjected to one way analysis of variance (ANOVA) followed by Dunn's test to determine significant difference. Statistical analysis was performed using SigmaStat software (Version 3.5, Systat Software; San Jose, CA, USA). In all cases, a *p* value of \< 0.05 was used to determine significance.

RESULTS
=======

***Cytotoxicity of carbon black to vascular smooth muscle and endothelial cells.*** To test the cytotoxicity of carbon black in vascular cells, carbon black N330 and N990 were treated to human umbilical vein endothelial ECV304 cells and smooth muscle cells derived from embryonic rat thoracic aorta, A-10 cells for 24 hrs, and cell viability was assessed by LDH leakage assay. Two different carbon black, N330 and N990 were employed to investigate the effect of size difference in cytotoxicity - primary particle sizes for N330 and N990 are 28\~36 and 250\~350 nm, respectively. As shown in [Fig. 1](#F001){ref-type="fig"}, only N990, not N330, elicited statistically significant LDH leakage in A-10 cells at 100 μg/m*l*, the highest concentration tested (41.3 ± 5.2 versus 10.3 ± 3.9%; lower panel). In ECV304 cells, however, both N990 and N330 failed to induce cell death up to 100 μg/m*l*, which induced us to test higher concentration. Intriguingly, it was carbon black N330, not N990, that resulted in cytotoxicity to ECV304 cells, i.e., treatment of 200 μg/m*l* N330 resulted in LDH leakage in 22.3 ± 2.7% of cells (*P* \< 0.05 versus untreated control cells), while N990 failed to exhibit toxicity (upper panel). Taken together, smooth muscle cells, A-10 was sensitive to the toxicity of carbon black, compared with ECV304 endothelial cells, and cytotoxicity of carbon black is dependent on cell type. In addition, toxicity of carbon black is also dependent on particle size, although it is hard to define the tendency.

![Cytotoxicity of carbon black N330 and N990 in ECV304 or A-10 cells. (A) ECV304 and (B) A-10 cells were incubated with various concentrations (0, 10, 25, 50, 100, or 200 μg/m*l*) of carbon black N330 or N990 for 24 hrs, and cell death were assessed by LDH activity released into the culture medium as described in the "Materials and Methods". Data were expressed as mean ± SE of three independent experiments. Menadione (Men) at 100 μM was used as a positive control. ^\*^*P* \< 0.05 versus untreated control cells.](toxicr-27-161-g001){#F001}

![Detection of reactive oxygen species in A-10 cells treated with carbon black N990. A-10 cells were incubated with 100 μg/m*l* carbon black N990 for indicated durations (0, 15, 60, and 180 min). Then, cells were briefly washed with PBS, loaded with DCF-DA (2 μM), and were immediately viewed by fluorescence microscope. Hydrogen peroxide (H~2~O~2~, 200 μM), a positive control, was treated to cells for 30 min. Scale bar = 50 μm.](toxicr-27-161-g002){#F002}

***Generation of reactive oxygen species (ROS) by carbon black.*** Based on the previous studies that oxidative stress mediates diverse biological effect of carbon black, ROS generation was examined in the cells treated with carbon black in order to evaluate whether oxidative stress is involved in carbon black-induced cytotoxicity. Considering that A-10 was more vulnerable to carbon black than ECV304 and only N990 deteriorated viability, ROS was measured with fluorescence indicator, DCF in A-10 cells treated with carbon black N990. Analysis of fluorescence images revealed that treatment of N990 led to gradual generation of ROS over hours ([Fig. 2](#F002){ref-type="fig"}). Comparable ROS was detected in parallel positive control, H~2~O~2~ treated cells.

***Effect of antioxidants on the toxicity of carbon black.*** To answer whether ROS generated by carbon black might contribute to the development of toxicity, we examined the effect of antioxidants on carbon black toxicity. N-acetylcysteine (NAC) and sulforaphane, acknowledged antioxidants, were employed for this study. Neither NAC nor sulforaphane induce cytotoxicity measured by LDH leakage assay up to 100 or 10 μM, respectively. However, pretreatment of NAC or sulforaphane significantly reduced LDH leakage nearly to basal level ([Fig. 3](#F003){ref-type="fig"}). Such inhibition was observed at the concentration of 10\~100 and 1\~10 μM for NAC and sulforaphane, respectively, which are the commonly used concentration in most of the studies employed them as antioxidants [@B001]; [@B009]. In the same experimental condition, pretreatment of NAC resulted in significant decrease in ROS generation, but such decrease was not observed in sulforaphane-pretreated cells ([Fig. 4](#F004){ref-type="fig"}). These results suggested that carbon black N990 exert its cytotoxic effect at least in part by ROS generation.

![Protection of carbon black N990-induced cytotoxicity by antioxidants, N-acetylcysteine (NAC) and sulforaphane. A-10 cells were pretreated with (A) NAC (10 or 100 μM) or (B) sulforaphane (1 or 10 μM) for 1 hr and exposed to 100 μg/m*l* of carbon black N990 for an additional 24 hrs. Cytotoxicity was measured by LDH activity released into the medium. Data were obtained from three independent experiments and expressed as mean ± SE of total LDH activity measured from total lysis with 1% Triton X-100. ^\#^*P* \< 0.05 versus untreated control cells; ^\*^*P*\<0.05 versus carbon black N990-alone treated cells. Sul, sulforaphane.](toxicr-27-161-g003){#F003}

DISCUSSION
==========

This current study investigated the toxicity of carbon black to vascular cells such as smooth muscle and endothelial cells in order to evaluate potential harmful effect on blood vessel. Carbon black N330 or N990 tested exhibited cytotoxicity at higher than 100 μM. Endothelial cells were more resistant to carbon black than smooth muscle cells. Relatively smaller particle, N330 could induce decrease in viability of endothelial cells, whereas only N990 exhibited cytotoxicity to smooth muscle cells. Carbon black treatment resulted in the elevation of ROS, and such increase as well as cytotoxicity was restored by pretreatment of antioxidants, NAC. Taken together, carbon black is toxic to vascular cells, especially to smooth muscle cells, and the induction of ROS generation is at least in part contributes to the development of cytotoxicity. These results suggest that antioxidant may serve as a potential strategy to attenuate or prevent vascular toxicity caused by carbon black, a particulate matter.

![Effect of NAC or sulforaphane on reactive oxygen species generation by carbon black N990. A-10 cells were pretreated with 100 μM NAC or 10 ìM sulforaphane for 1 hr and exposed to 100 μg/m*l* carbon black N990 for additional 3 hrs. After treatment, cells were washed with PBS and loaded with DCF-DA (2 μM). Then, images were immediately obtained by fluorescence microscope. (A) Images of DCF loaded cells. a: untreated control, b: N990-treated cells, c: cells treated with NAC and N990, d: cells treated with sulforaphane and N990. Scale bar = 30 μm. (B) Intensity of fluorescence in each pixel was measured and presented as mean ± SE. ^\*^*P*\< 0.05 versus carbon black N990-alone treated cells. Sul, sulforaphane.](toxicr-27-161-g004){#F004}

Carbon black is by nature a pure carbon chemical, hence has long been recognized to be, relatively, biochemically inert. This is the reason why toxicity studies have never been done so extensively, although carbon black is an industrial chemical of importance. However, as it gets widely known that physical characteristics as well as chemical properties play a critical role in the development of particulate matter (PM) toxicity, carbon black was revisited. Indeed, it has been reported recently that carbon black exposure is related with various toxicities including carcinogenicity, induction of immune response and cardiovasucular toxicity [@B022]. In addition to being an industrial chemical, carbon black has acquired the attention as a model compound for air pollutant study. Carbon black resembles to a certain extent carbonaceous core contained in urban dust and combustion particles such as diesel exhaust [@B020]; [@B021]. Therefore, study of carbon black is of significance in the aspect of environmental toxicology as well as industrial hygiene.

The result of study reveals that the ROS production contributes to the cytotoxicity of carbon black, although underlying mechanism remains elusive. This result is well correlated with the previous studies reporting ROS generation by carbon black and its reduction by vitamin C or desferrioxamine, an iron chelator [@B018]; [@B007]. Target molecule responsible for ROS generation was not identified, however it is clear that the treatment of antioxidant is efficient way to attenuate the toxicity of carbon black. ROS scavengers or antioxidants may be applied for detoxification or prevention of toxicity caused by carbon black exposure.

Different from NAC, sulforaphane failed to reduce ROS formation although it successfully protected cytotoxicity of carbon black ([Fig. 3](#F003){ref-type="fig"} and [4](#F004){ref-type="fig"}). Sulforaphane is a naturaloccurring isothiocyanate from cruciferous vegetables such as broccoli sprouts, which is widely used as an effective antioxidant and chemopreventive agent both *in vivo* and *in vitro* studies [@B009]. It has been demonstrated that NF-E2-related factor 2 (Nrf2)-mediated induction of antioxidant enzymes is major mechanism by which sulforaphane protects cells from oxidative stress and carcinogens [@B005]. Although we did not evaluate in the present study whether sulforaphane activated Nrf2 pathway in A-10 cells, this cytoprotective mechanism could be conceivable by evidences showing that sulforaphane significantly abolished carbon black-induced cytotoxicity ([Fig. 3](#F003){ref-type="fig"}) without direct radical scavenging effect ([Fig. 4](#F004){ref-type="fig"}). Further study will be needed to investigate whether activation of Nrf2 signaling is effective in protection of carbon black toxicity.
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